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Abstract

A code has been developed to automatically sim-

plify full chemical mechanisms. The method em-

ployed is based on the Intrinsic Low Dimensional

Manifold (ILDM) method of Maas and Pope 1,2

The ILDM method is a dynamical systems ap-

proach to tile simplification of large chemical kinetic

mechanisms. By identifying low-dimensional at-

tracting manifolds, the method allows complex full

mechanisms to be parameterized by just a few vari-

ables: In effect, generating reduced chemical mech-

anisms by an automatic procedure. These resulting

mechanisms however, still retain all the species used

in the full mechanism.

Full and skeletal mechanisms for various fuels are

simplified to a two dimensional manifold, and the

resulting mechanisms are found to compare well

with the full mechanisms, and show significant im-

provement over global one step mechanisms, such

as those by Westbrook and Dryer 3. In addition,

by using an ILDM reaction mechanism in a CFD

code, a considerable improvement in turn-around

time can be achieved.

Introduction

Detailed chemical mechanisms for hydrocarbon

fuels typically contain in order of 50 species and 200
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rate equations. Applying these mechanisms to a 3D

turbulent combustion problem is beyond the capa-

bilities of todays computers, and beyond those in

the foreseeable future. Thus the practice of simpli-

fying the full mechanisms is used, where the number

of species and equations is reduced by various as-

sumptions about the reaction, e.g. Partial equilib-

rium of species. In the crudest sense, this reduction

is achieved by throwing out, or combining species

and rate equations.

However to perform these simplifications, consid-

erable human input is required, both in knowledge

of the detailed mechanism and testing the resulting

reduced mechanism. In addition, the accuracy of

the reduced mechanism drops with every simplifi-

cation, requiring the user to compromise between

how nmch accuracy they need against how nmch

they can afford.

This need for considerable human effort to ob-

tain reduced mechanisms was the motivation for

the development of the ILDM method 1,2 of sim-

plifying chemical kinetics. The objectives were to

provide a completely automated method of simpli-

fying chemical kinetics, with the only input being

the full mechanisnl, and the degree of simplification.

In this paper, the development of an ILDM code

will be described. This code will be used to simplify

several hydrocarbon mechanisms, and the perfor-

mance of these simplifications will be tested in a

Perfectly Stirred Reactor (PSR) code. The ILDM

results will be compared against the full mechanism,

a 12 species, 10 step reduced mechanism and a one

step mechanism. In addition, the performance of

the reduced mechanism in a CFD code will be in-

vestigated.
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ILDM Method

The composition of a chemical system can be

thought of as a point in a multidimensional space:
each dimension representiug a species concentra-

tion. Thus tile rate equatious can be thought of

as representing how that point moves in the scalar
space. The ILDM approach is based on analysing

and simplifying these equations of motion of the

scalar point.

How the ILDM method does this is to identify

attracting manifolds in the scalar space. Because

of the wide range of time scales in a chemical sys-

tem, the composition changes very rapidly in some
directions and moves slowly in others. Thus the

composition moves rapidly toward the attracting

manifold, and then moves along that surface to

tile equilibrium point. To simplify the mechanism,
one simply assumes the composition always lies on

these manifolds. Thus all one need do is specify

the dimension of the manifold. For example, a

zero-dimensional manifold is simply the equilibrium

point while a one-dimensional manifold is a line, on

which lies the equilibrium point.

Because a one-dimensional manifold is just a line

in the scalar space, it can be parameterized by just

one variable. This variable can be a scalar, a combi-

nation of scalars or even a thermodynamic property,

and is referred to as the reference variable. The only

requirement is that the reference variable does not

give a multi-valued function.

One interesting benefit of this method of simpli-
fication is that the value of all the species in the full

mechanism on the manifold are available, as a func-

tion of the reference variable. Thus the minor, and

trace species are available without any increase in

the complexity of the reaction mechanism. This is
contrasted with conventional reduced mechanisms

that require additional species and equations to be

added if more detailed composition information is

required. In addition, state properties can also be
stored on the manifold, and so properties like den-

sity are calculated with all the minor species being

taken into account, thus providing a more accurate
value.

In the code developed at Lewis, the ILDM sim-

plified mechanism is obtained by a trajectory-

generated technique, described by Pope and Maas
4 In this method, the full mechanism is param-

eterized by two scalars, a mixture fraction based

on atom concentrations and a progress variable,

based on either species mass fractions, temperature

or Gibbs function. The resulting species concen-

trations, rates and properties are stored in look-up

tables. Also provided is a set of interpolation rou-
tines that can be called from CFD codes. These

provide the interface between the ILDM tables and
the combustion code.

Reaction Mechanisms

In this paper, three hydrocarbon fuels are stud-

ied: methane, propane and JetA. The mechanisms
used are the methane mechanism of Miller and

Bowman _, the propane mechanism of Jachimowski
6 and the Jet A mechanism of Kolirack r

In addition, two reduced mechanisms are used

for comparison. These are the one step methane
mechanism of Westbrook and Dryer 3 and the 12

step methane mechanisnl of Kundu s

Test Case

The test case employed for the reaction kinet-

ics is the Perfectly Stirred Reactor (PSR). In this

example, a mixture of fuel and air flows into a re-

actor vessel. This nfixture mixes instantly with the

composition in the container, reacts and the result-

ing products exit the container. Residence time is

defined as the density of the exit composition mul-

tiplied by the volume of the reactor, divided by the

mass flow rate of the system.
Initial conditions are chosen to be those similar

to gas turbine operation, with fuel and air inlet

temperatures at 350K and 750K respectively, and a

pressure of 10 atmospheres.

Results

Results will consist of plots of residence time vs.

property for the several different reaction schemes
and for different inlet mixture fractions. Due to the

quantity of results available, only a selection will be

presented. In all these cases, tile progress variable

(Yp) chosen is the sum of the mass fractions of CO2
and H20.

The first area addressed is the table resolution.

i.e. How many grid points are required to accu-

rately represent the reaction scheme. A stoichio-
metric mixture of methane and air was chosen as

the representive composition for this test.
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In Fig. 1, the results for refinement of the table in

the Yp direction are shown against the fnll mecha-

nism. It can be seen that having 32 points provides

very good agreement with the full mechanism for

all species.

In Fig. 2, the effect of table resolution in the

mixture fraction (xi) direction is investigated. It

can be seen that a grid spacing of 0.0025 provides a

very good agreement with the full mechanism. This

corresponds to 24 grid nodes between the flamibility

limits. Considering these results, a grid resolution

of 32x32 is used for the remaining cases.

In Fig. 3 and 4, the performance of the ILDM

table is shown compared to the full mechanism 5,

a 12 species, 10 step mechanism s and a one step

mechanism 3. It can be seen that the ILDM scheme

compares very well with the full mechanism and the

10 step scheme in all plots. Especially noteworthy

is the very good agreement with the density, as this

variable is the one that affects the flow calculations.

The poor agreement by the one-step mechanism can

be attributed to the lack of minor species in that

mechanism. It should be noted however that the

results for the mass fraction of fuel show a very

poor agreement. This lack of agreement is present

in all the cases tested, and will be discussed in the

next section.

The same fuel was then used, but for lean and

rich mixtures. The results of these are shown in

Fig. 5. Both give good agreement with the full

mechanism.

In Fig. 6, the results for a stoichiometric mixture

of propane and air are shown. Again the results are

in good agreement with the full mechanism. The

only difference observed is the kink in the YH2O

result for small residence times. However the very

good agreement of the density result shown that

this would not have a noticeable effect on the overall

performance of the table.

However the results for JetA, shown in Fig. 7

show a divergence from the full nmchanism results

at short residence times. This can be probably be

attributed to the full mechanism used in this test.

Ttle mechanism used 7 is the smallest of the three

mechanisms, despite being the most complex fuel.

The problem may lie in the omission of some impor-

tant intermediate species. In addition, this mecha-

nism is the oldest of all three. Comparing the ele-

mentary rate constants with those of methane and

propane reveal many differences. It is quite pos-

sible that the rate constants of some intermediate

species may be in error, thus affecting the high-load

results.

The next part of the mechanism investigated was

the speed of the look-up table compared to using

an equivalent reduced mechanism. To perform this

test, the 12 species methane mechanisnl used in a

combustion code was analyzed. For a 500,000 node

problem, the CFD run-time was about 14.0 seconds

per iteration, using 84 nodes on an SP2 machine.

Of that time, 7.0 seconds was spent in performing

the reaction and calculating the composition prop-

erties.

In this code, the equivalent look-up table require-

ments would require 0.17 see. In addition, because

the transport equations for only nfixture fraction

and progress variable would need to be calculated,

rather than 12 species, it is estimated that the time

saved using the lookup tables would be about 10.7

seconds per iteration.

The space required for these look-up tables is es-

timated as 4.3KBytes per property stored. This

gives a total table size of about 60KBytes.

Discussion

A feature of the results that needs to be discussed

is the poor prediction of fuel concentrations in all

three cases.

For the fuel prediction, the lack of agreement

between the full mechanism results and the re-

duced mechanisms is a function of the simplifica-

tion procedure. Put simply, the break-up of the

fuel molecule is one of the processes that the ILDM

scheme deems to occur very rapidly, and so the

PSR results show essentially zero concentration un-

til near extinction. However the performance of

the model, specifically in the prediction of density,

shows that the error in predicting the fuel concen-

trations does not compromise the overall accuracy

of the model.

Another area to be addressed is the implementa-

tion of the ILDM mechanism in a CFD code.

The current methodology used is to store the

mechanism in a simple look-up table as a function of

the mixture fraction and the progress variable. The

look-up table consists of a uniform grid, bounded in

the mixture fraction direction by the lean and rich

flamability limits. In the progress variable direction

it is bounded by the pure mixing and fully burnt

limits. When used in a CFD code, it is found that

the best way to implement the scheme is by storing

NASA CR-204138 3



thereactionincrementsfor a setof differenttime
steps.In additiontile propertiessuchasdensity,
laminarviscosityandthermaldiffusivityarealso
storedin thetable.Thustheinterpolationroutine
is givenaninitial compositionandtimestep,and
it returnstheupdatedcomposition,alongwiththe
newpropertyvalues.

It shouldalsobenotedthat thecurrentimple-
mentationof tile ILDMschemecontainssomelim-
itationsto itsapplicability.Theassumptionsmade
for thecnrrentmodelareconstantpressure,unity
Lewisnumberand simpleinlet conditions,i.e.
All fuelinlettemperaturesandcompositionsmust
be thesame,andall air inlettemperaturesmust
havetheirtemperaturesandcompositionsidenti-
cal.Howeverthesearejust restrictionsof thecur-
rent implementation,not of theILDMschemein
general.Byincludingpressureasatabulationvari-
able,theuniformpressurerestrictioncanbelifted.
By includingothervariablessuchasenthalpyand
compositiontheothercasescanalsobesolvedfor
bythismethod.

Conclusion

In this paper it has been shown that a 1-step

ILDM scheme gives good agreement with full mech-

anism results in the PSR test for a variety of hy-

drocarbon fuels. The accuracy of the method has

also been shown to be similar similar to that of a

12 species, 10 step mechanism. In addition due to

the tabular nature of the storage, the ILDM scheme

can provide significant savings in CPU time when

coupled with a CFD code. While the current im-

plementation does restrict the class of problem that

can be treated by this method, it should be noted

that relatively simple changes to the storage meth-

ods can overcome these.
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